The hypothalamic-pituitary-adrenal (HPA) axis is the principal neuroendocrine system involved in the maintenance of homeostasis after stressful stimuli. HPA axis activity is regulated via the negative feedback actions of the glucocorticoid hormones ([@b1]). The HPA axis displays a characteristic circadian pattern of glucocorticoid hormone release ([@b2]) with the peak of HPA axis drive coinciding with the onset of activity. Pertubation of this diurnal variation results in the dysregulation of many physiological processes, which can lead to metabolic and immune disorders ([@b3],[@b4]). In addition to the direct actions of the glucocorticoid hormones, its diurnal rhythm synchronizes peripheral clocks ([@b4],[@b5]) and reinforces regulation of the suprachiasmatic nucleus ([@b6],[@b7]). Despite this vital role, however, the underlying pathways and mechanisms controlling the rhythmic activity of the HPA axis are poorly understood.

Recent studies have suggested that the endocannabinoid system is directly involved in the modulation of the HPA axis. Di *et al.* ([@b8]) have shown that glucocorticoid feedback suppression of corticotropin-releasing factor (CRF) release from the paraventricular nucleus of the hypothalamus (PVN) can be blocked by cannabinoid receptor type 1 (CB~1~) antagonists, an action accomplished via the blockade of inhibitory endocannabinoid-mediated retrograde transmission ([@b9]). Both Manzanares *et al.* ([@b10]) and Cota ([@b11]) have postulated that the endocannabinoid system exerts an inhibitory tone on the HPA axis. A potential mechanism could be the constitutive synthesis and release of endocannabinoids, activation of inhibitory presynaptic CB~1~, and thus suppression of neuronal excitation. CB~1~ blockade under these conditions would result in an increase in neuronal activity and, in the model suggested by Di *et al.* ([@b8]), an increase in CRF release from the PVN and increased HPA axis drive. There is evidence for this inhibitory endocannabinoid-mediated tone from both pharmacological and receptor knockout studies. Studies in rodents using selective CB~1~ antagonists have clearly demonstrated that the blockade of endocannabinoid signaling results in an increase in basal and stress-induced HPA axis activity ([@b10],[@b12],[@b13]). Furthermore, CB~1~ knockout studies have demonstrated increased basal ACTH and corticosterone levels ([@b14]) and elevated dark phase corticosterone levels accompanied by elevated CRF mRNA expression in the PVN ([@b15]) in CB~1~ knockout animals. These observations suggest that an intact endocannabinoid system is required to maintain normal HPA axis function.

Most previous studies into the effects of CB~1~ blockade in rodents have relied on single time-point measurements of corticosterone and/or ACTH. The limitations of using single-point samples to interpret changes in hormone concentrations that display marked rhythmicity are well known. The aim of this study was to elucidate the effects of CB~1~ blockade with respect to both ultradian and circadian variation in HPA axis activity. Circulating corticosterone concentrations were measured over an extended time course using an automated blood-sampling system. Given that both ultradian and circadian variation in the HPA axis is known to vary between the genders, it was also our aim to elucidate how the effects of CB1 blockade varied between males and females.

Materials and Methods
=====================

Animals
-------

Adult male and female Sprague Dawley rats were obtained from Harlan, UK (Oxon, UK), and maintained under standard housing conditions with lights on at 0500 h (14 h light, 10 h dark). Food and water were available *ad libitum*. Animals were allowed to adapt to our animal house conditions for at least 1 wk before surgery. All animal procedures were carried out in accordance with the United Kingdom Home Office animal welfare regulations.

Surgery
-------

Animals were anesthetized with a combination of Hypnorm (0.32 mg/kg fentanyl citrate and 10 mg/kg fluanisone, im; Janssen Pharmaceuticals, Oxford, UK) and diazepam (2.6 mg/kg ip; Phoenix Pharmaceuticals, Gloucester, UK). The right jugular vein was exposed, and a polythene cannula (Portex, Hythe, UK) tipped with SILASTIC brand (Dow Corning, Midland, MI) (inner diameter 0.50 mm, outer diameter 0.93 mm; Merck, Darmstadt, Germany) was inserted into the vessel until it lay close to the entrance of the right atrium. The cannula was prefilled with pyrogen-free heparinized (10 IU/ml) isotonic saline. The free end of the cannula was exteriorized through a scalp incision and then tunneled through a protective spring that was anchored to the parietal bones using two stainless steel screws and self-curing dental acrylic. After recovery, animals were housed in individual cages in the automated blood sampling room. The end of the protective spring was attached to a mechanical swivel that rotated through 360° in a horizontal plane and 180° through a vertical plane, allowing the animals maximum freedom of movement. The cannulas were flushed daily with the heparinized saline to maintain patency. Animals also received an additional sc cannula at the time of surgery. The sc cannula passed through the protective spring and was tunneled along a sc pocket above the scapular so that the tip of the cannula was approximately 3--4 cm distal to the scalp incision. The sc cannula was filled with saline, and a small amount of saline (0.1--0.2 ml) was flushed into the cannula daily.

Automated blood sampling
------------------------

The collection of blood with an automated blood-sampling system has previously been described in detail ([@b2],[@b16],[@b17]). Briefly, 5 d after surgery, the jugular vein cannula of each animal was connected to the automated blood-sampling system. Blood samples were collected every 5 min using the automated system for a period of up to 14 h. Blood samples were collected at a dilution of 1:3 in heparinized saline for corticosterone measurement. Each sample from the automated system contained no more than 40 μl of whole blood. The concentration of corticosterone in the diluted whole blood was measured by RIA.

Manual blood sampling
---------------------

Blood samples from separate groups of animals were collected manually for the determination of both ACTH and corticosterone. Blood samples of 0.2 ml were collected on ice into tubes containing aprotinin and EDTA and then centrifuged. The plasma was stored at −80 C until hormone measurement.

Antagonists
-----------

AM251 and AM281 were obtained from Tocris (Bristol, UK). Stock solutions were prepared in ethanol and dimethyl sulfoxide, respectively. Immediately before injection, the stock solutions were diluted with Cremophor and then saline to give a final injection dilution of (1:1:18).

Experimental protocols
----------------------

### Study 1: acute blockade of CB~1~ in male and female rats

Five days after the jugular vein was implanted, rats were connected to the automated blood-sampling system. Separate groups of rats were given an acute bolus (0.5 ml) of AM251 (1 mg/kg) or vehicle (5% ethanol, 5% Cremophor, 90% saline) near their diurnal trough or diurnal peak. The drugs were administered via the previously implanted sc cannula and therefore did not interfere with blood sampling. Blood sampling commenced at 0602 h for the morning groups and at 1402 h for the evening groups, and samples were collected every 5 min for up to 14 h. In the morning groups, AM251 or vehicle was administered at 0915 h in males and 1000 h in females. In the evening groups, AM251 or vehicle was administered at 1630 h in males and 1700 h in females.

### Study 2: diurnal effects of AM251 in male rats

Two groups of male rats were cannulated as described for study 1, one group for treatment during the diurnal trough (0930 h) and the other for treatment at the diurnal peak (1700 h). Five days after surgery, blood samples were collected manually at 15 min before and 15 min and 1, 2, 3, 4, 5, and 6 h after the administration of AM251 (1 mg/kg) or vehicle (5% ethanol, 5% Cremophor, 90% saline) in a 0.5-ml bolus.

### Study 3: diurnal effects of AM281 in male rats

The design of this study was identical to that of study 2, except that rats were treated with AM281 (1 mg/kg), and the vehicle was 5% dimethyl sulfoxide, 5% Cremophor, and 90% saline.

Hormone measurement
-------------------

Total corticosterone in whole blood and plasma was measured by RIA using a citrate buffer (pH 3.0) to denature the binding globulin. Antisera was supplied by Prof. G. Makara (Institute of Experimental Medicine, Budapest, Hungary), and \[^125^I\]corticosterone was from OBI-DSL (Oxford, UK). ACTH in plasma (100 μl/tube) was measured using a commercial immunoradiometric assay (DiaSorin, Stillwater, MN).

Statistical analyses
--------------------

Data are presented as individual profiles from a single animal or group mean ± [se]{.smallcaps}. For all statistical tests, significance at *P* \< 0.05 was used. Details of the specific tests used are included in the text.

Results
=======

Study 1: acute blockade of CB~1~ in male and female rats
--------------------------------------------------------

The blood corticosterone profiles for males treated with AM251 at either the peak or trough are presented in Fig. 1[](#f1){ref-type="fig"}, and those for females are presented in Fig. 2[](#f2){ref-type="fig"}. In males, acute blockade of the CB~1~ with a single sc bolus of AM251 elevated blood corticosterone concentrations when given during the trough or peak of the daily corticosterone rhythm. To compare groups, means of corticosterone concentrations were calculated for each hourly block (*e.g.* 0800--0900, 0900--1000, 1600--1700, and 1700--1800 h), and the hourly means for two groups (vehicle *vs.* AM251) were compared using a two-way repeated-measures ANOVA. During the morning, there was a significant effect of both treatment (*P* = 0.004) and time (*P* \< 0.001) and a significant interaction between these factors (*P* \< 0.001). During the evening, there was also a significant effect of both treatment (*P* = 0.017) and time (*P* \< 0.001) and a significant interaction between these factors (*P* \< 0.001). The Holm-Sidak *post hoc* test was then used to determine which times the drug treatments were significant (*P* \< 0.05). In males, acute blockade of CB~1~ resulted in elevated hourly means for a total of 4 h from 0900--1300 h starting in the morning and in the evening for 4 h from 1700--2100 h.

The maximal mean concentrations of corticosterone achieved after receptor blockade were similar at both times of the day. The highest mean corticosterone concentrations were 66.4 ng/ml during the morning (95 min after sc administration) and 67.2 ng/ml during the evening (85 min after sc administration). Visual inspection of the individual profiles (see Fig. 1[](#f1){ref-type="fig"}, *lower panel*) revealed that corticosterone pulsatility *per se* was not abolished by CB~1~ blockade and that the pulse amplitudes were increased in AM251-treated rats. Excluding the first hour of corticosterone elevation, because it appears to be due to a minor stress response to drug administration, the period of corticosterone elevation was insufficient for pulse detection algorithms (such as PULSAR) to confirm these effects on pulse amplitude.

The blood corticosterone profiles for females treated with AM251 at either the peak or trough are presented in Fig. 2[](#f2){ref-type="fig"} and were analyzed exactly as described for the males above. In females, elevation of corticosterone concentrations after acute CB~1~ blockade was evident only in the morning and for a shorter duration than in males. The hourly means were significantly increased after acute CB~1~ blockade for 2 h from 1100--1300 h \[(by two-way repeated-measures ANOVA with Holm-Sidak *post hoc* test (*P* \< 0.05)\].

Study 2
-------

Group means for the circulating ACTH and corticosterone concentrations in male rats treated with AM251 or vehicle are presented in Fig. 3[](#f3){ref-type="fig"}. During the morning (*i.e.* diurnal trough), both plasma ACTH and corticosterone were elevated in rats treated with AM251 compared with vehicle controls. There were significant interactions by repeated-measures two-way ANOVA for ACTH (*P* = 0.024) and corticosterone (*P* \< 0.001). *Post hoc* tests revealed that both hormones were elevated at 15 min and 1 h after antagonist administration. During the evening, there were no significant differences between the animals treated with AM251 or vehicle for either hormone as determined by repeated-measures two-way ANOVA. This is not unexpected given the limited number of samples collected during manual sampling compared with automated sampling in study 1. There was, however a trend for increased values with antagonist treatment as determined by individual *t* tests at each time point (ACTH at 1800 h *P* = 0.057; ACTH at 1900 h *P* = 0.04; corticosterone at 1800 *P* = 0.02).

Study 3
-------

Group means for the circulating ACTH and corticosterone concentrations in male rats treated with AM281 or vehicle are presented in Fig. 4[](#f4){ref-type="fig"}. During the morning (*i.e.* diurnal trough), both plasma ACTH and corticosterone were elevated in rats treated with AM281 compared with vehicle controls when compared by repeated-measures two-way ANOVA. For ACTH, plasma concentrations were elevated at 1030 and 1130 h (antagonist administered at 0930 h), and for corticosterone, plasma concentrations were elevated at 1030, 1130, and 1230 h. During the evening, there were no significant differences between the animals treated with AM281 or vehicle for either hormone as determined by repeated-measures two-way ANOVA. For ACTH, however, there was a significant difference between AM281 and vehicle by Mann-Whitney *U* test at 1900 h (*P* \< 0.01).

Discussion
==========

This is the first study to systematically look at the effects of CB~1~ blockade on basal HPA activity with respect to both time of day and gender. We have shown distinct diurnal changes in the endocannabinoid effect on basal HPA axis activity in the rat. This system provides greater inhibitory tone during the diurnal nadir (*i.e.* lights on) compared with the diurnal acrophase (*i.e.* lights off). Moreover, this regulation is sexually diergic in that it is more pronounced in males than in females.

In the present study, blockade of the CB~1~ via sc administration of AM251 increased basal HPA activity both in the morning and the evening in male rats. The effect of a single dose was to elevate corticosterone concentrations at both times of day, with the relative increase in steroid concentrations greater in the morning than the evening. Interestingly there appeared to be a ceiling effect with similar maximal corticosterone concentrations achieved at both times of day.

Other studies have shown administration of either AM251 or SR141716 (a structurally related CB~1~ antagonist) to rats or mice result in elevated corticosterone in some ([@b10],[@b12],[@b18]) but not all studies ([@b19],[@b20],[@b21]). Most studies concentrate on the stress responses of the HPA axis with descriptions of basal HPA activity limited to single samples or at best a few samples and typically look within the first hour after drug administration. In the current study, we have used automated frequent blood sampling to characterize the effects of CB~1~ blockade on basal HPA activity. We have shown that the effect of a single dose can last for 4 h and, more importantly, that corticosterone pulsatility is maintained. From visual inspection of the profiles, it appears that only the amplitude of pulses was affected by AM251 treatment. It was not possible to statistically analyze this increase in amplitude with PULSAR or DECON due to the limited number of pulses. The duration of this effect was approximately three to four pulses, of which the first may have been a minor stress response (because it was also seen in the vehicle-treated animals). It should be possible to confirm these observations in future studies using a constant infusion of AM251 for a longer time period.

Diurnal variation is one of the major characteristics of the HPA axis, and despite the number of studies that have examined the endocannabinoid regulation of the HPA axis, the majority of the studies focus on the inactive phase of diurnal rodents. Interestingly, it has been shown that the concentrations of the endocannabinoids anandamide and 2-arachidonoyl-glycerol vary diurnally in multiple brain regions of the rat, suggesting circadian variation in this system may not only be of importance for HPA activity but may also have much more global effects in the central nervous system ([@b22]).

Although blockade of CB~1~ with AM251 did elevate basal corticosterone in female rats, this effect was much less profound than in males. Furthermore, the corticosterone concentrations were significantly elevated only in the morning and not the evening, and this effect was of shorter duration in the females, 2 h compared with 4 h in males. This may be a result of different drug metabolism in males *vs.* females or reflect differential modulation of basal HPA activity by cannabinoids between the sexes. Although there are no data on the differences in AM251 metabolism in male and female rodents, the related CB~1~ antagonist SR141716 (rimonabant) has been extensively used in humans, and there are no known gender-related differences in its metabolism. It is therefore more likely that HPA-related endocannabinoid activity differs in males and females. This may be an important factor in the underlying differences in HPA activity in males and females ([@b23]). In rats, females have a greater number of pulses than males. More specifically, females have pulses during the diurnal nadir, a time of day when corticosterone pulses in male rats are not measurable. During the nadir, treatment with AM251 has a greater effect stimulating (or disinhibiting) basal corticosterone in males than in females. We have shown that corticosterone pulse profile can be manipulated by androgen and estrogens. Ovariectomy in a female rat can change the females' corticosterone profile to that of a male, and likewise, gonadectomy in a male rat can change the male's corticosterone profile to that of a female ([@b24]). It is quite possible that diergic patterns of endocannabinoid tone may be a factor in the sex hormone-mediated differential circadian patterns of basal corticosterone in male and female rats. This may not be the only neuroendocrine system regulated in this manner, because the inhibitory effect of anandamide on LHRH secretion has also been shown to be an estrogen-sensitive response ([@b25]).

Various studies have examined HPA activity in CB~1~ knockout mice, with most focusing on stress responsiveness rather than basal activity. Basal corticosterone concentrations were elevated in males during the light phase ([@b14]), in males but not in females during the dark phase ([@b18]), and in diestrous females at lights off but not lights on ([@b15]). All of these studies rely on single time points for the determination of basal circulating corticosterone. Taken together, the CB~1~ knockout studies show that basal HPA activity is elevated at some time points.

Sex differences in the cannabinoid regulation of the HPA axis are presumably mediated by gonadal status and or estrous cycle stage. Other studies have demonstrated estrous cycle-related changes in the cannabinoid system. Endocannabinoid content of the hypothalamus was greater at diestrus compared with estrus ([@b26]). Cannabinoid receptor density in the medial basal hypothalamus is also greater at diestrus compared with estrus ([@b27]). The distribution of cannabinoid receptors in the brain is quite extensive and controls many functions. These estrous cycle changes may be associated with the regulation of the hypothalamic-pituitary-gonadal axis and sexual behavior rather than the HPA axis (for review see Ref. [@b28]).

In the first study, AM251 was administered peripherally, and corticosterone was the only hormone of the HPA axis that was measured. Although ACTH is the major mechanism through which corticosterone secretion is controlled, splanchnic nerve activity also inhibits basal HPA activity during the diurnal nadir by actions at the level of the adrenal gland. Indeed, a recent study ([@b29]) has shown that the orphan receptor GPR55 is a novel cannabinoid receptor (which also binds to AM251) and that this receptor is highly expressed in the adrenal. It was therefore important to assess whether the effect of AM251 was centrally or peripherally mediated. We therefore conducted two additional studies, one with AM251 and one with AM281 (a CB~1~ antagonist that does not activate the adrenal GPR55 receptor) in which both ACTH and corticosterone were measured.

These studies demonstrated that administration of both AM251 and AM281 resulted in elevated circulating ACTH concentrations. This strongly infers that the effects of CB~1~ antagonism are mediated via ACTH and not at the level of the adrenal gland. We cannot determine the precise site of action of the CB~1~ antagonists, but CB~1~ are widespread in the central nervous system and have been found in key regions of the brain that regulate the HPA axis, namely the hippocampus and hypothalamus (see review see Ref. [@b30]).

Regulation of the HPA axis predominately involves a complex interplay between inhibitory GABAergic neurons and the activation of glutamatergic neurons at multiple sites ([@b31],[@b32]). CB~1~ blockade could be acting to inhibit the GABAergic neurons, activate the glutamatergic neurons, or both. There is *in vitro* evidence that CB~1~ inhibit PVN activity via the suppression of glutamatergic inputs to parvocellular neurons ([@b8]).

In humans, SR141716 (rimonabant) was widely tested as a treatment for obesity, although the potential side effects of depression have limited its clinical use ([@b33]). Depression is frequently characterized by increased basal HPA activity ([@b34]). It is tempting to speculate that increased HPA activity in male users of rimonabant may be associated with increased susceptibility to depression. Indeed, the odds ratios for depressive systems were greater in those Rimonabant in Obesity (RIO) studies with the greatest percentage of males ([@b35],[@b36],[@b37],[@b38]). To our knowledge, no studies have explored whether there is a sex difference in the susceptibility to depression in users of rimonabant. This may be a more difficult question to answer in humans because sex differences in HPA axis function are not as pronounced as they are in rodents ([@b39],[@b40]). Moreover, the users of rimonabant are obese, and this in itself alters HPA regulation ([@b41]).

We have shown that acute blockade of the CB~1~ results in hyperactivity of the rat HPA axis as demonstrated by elevated corticosterone and ACTH. Our data demonstrate that endocannabinoid regulation of this axis exhibits both circadian variation and sexual diergism and suggests that endocannabinoids may regulate the HPA axis via amplitude modulation of corticosterone pulses. In conclusion, we propose that a dynamic endocannabinoid-mediated inhibitory tone regulates the HPA axis and that this tone is modulated by both gender and time of day.
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![Blood corticosterone profiles from male rats treated with a cannabinoid receptor antagonist during the diurnal peak or trough. *Top*, Group means ± [se]{.smallcaps} from male rats treated with a sc bolus of AM251 (1 mg/kg) or vehicle (5% ethanol, 5% Cremophor, 90% saline) during the diurnal trough; *middle*, group means ± [se]{.smallcaps} from male rats treated with a sc bolus of AM251 (1 mg/kg) or vehicle (5% ethanol, 5% Cremophor, 90% saline) during the diurnal peak; *bottom*, profile from a male rat treated with AM251 during the diurnal trough. Note the pulsatile nature of corticosterone release. *Vertical dotted lines* indicate time of sc injection. *Horizontal gray bars* indicate the period of lights off. *Horizontal black bars* indicate where the hourly means of the AM251-treated rats were significantly greater than the vehicle-treated rats by repeated-measures ANOVA (see text for details).](zee0081054950001){#f1}

![Blood corticosterone profiles from female rats treated with a cannabinoid receptor antagonist during the diurnal peak or trough. *Top*, Group means ± [se]{.smallcaps} from female rats treated with a sc bolus of AM251 (1 mg/kg) or vehicle (5% ethanol, 5% Cremophor, 90% saline) during the diurnal trough; *bottom*, group means ± [se]{.smallcaps} from female rats treated with a sc bolus of AM251 (1 mg/kg) or vehicle (5% ethanol, 5% Cremophor, 90% saline) during the diurnal peak. *Vertical dotted lines* indicate time of sc injection. *Horizontal gray bars* indicate the period of lights off. *Horizontal black bars* indicate where the hourly means of the AM251-treated rats were significantly greater than the vehicle-treated rats by repeated-measures ANOVA (see text for details).](zee0081054950002){#f2}

![Effect of the AM251 on plasma ACTH and corticosterone in male rats treated during the diurnal peak of trough. Male rats were given a single sc bolus of AM251 (1 mg/kg) or vehicle (VEH) in either the morning (*left panels*) or the evening (*right panels*). Plasma concentrations of both ACTH (*top panels*) and corticosterone (*lower panels*) are presented. Values are group means ± [se]{.smallcaps}. *Horizontal gray bars* indicate the period of lights off. *Arrows* indicate time of sc administration. \*, Time points in AM251-treated animals that are significantly greater than for controls by repeated-measures ANOVA (see text for details).](zee0081054950003){#f3}

![Effect of the AM281 on plasma ACTH and corticosterone in male rats treated during the diurnal peak of trough. Male rats were given a single sc bolus of AM281 (1 mg/kg) or vehicle (VEH) in either the morning (*left panels*) or the evening (*right panels*). Plasma concentrations of both ACTH (*top panels*) and corticosterone (*lower panels*) are presented. Values are group means ± [se]{.smallcaps}. *Horizontal gray bars* indicate the period of lights off. *Arrows* indicate time of sc administration. \*, Time points in AM281-treated animals that are significantly greater than for controls by repeated-measures ANOVA (see text for details).](zee0081054950004){#f4}
